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Tne problems and fal 'ures o c t u r r l 4  u l t h  t he  aperacfon of ticjh speed gears 
are  6;scussed. The gearlns lcsses associated u l t h  h lgh  speed gearlng such as 
too th  mesh f r j t t l c n ,  bezc!ng f r l c t l o n ,  churning, and wlndage a re  dlscussed wlth  
varlous ways shwn  t:, treip reduce rnese losses and thereby l q r o v e  e f f l c l ency .  
Several different methods o f  o l l  j e t  I c b r l c a t l o n  f o r  h lgh  speed gearing 
are given such as l e t o  pesn, out o f  mesh, and r a d l a l  j e t  1ubr:catloc. The 
experiments and ana iy t i ca? r e s u l t s  f o r  the varlous methods o f  o l l  j e t  l ub r i ca -  
t l o n  a re  shown w l t h  thc  strengths and weaknesses o f  each nethod dlscussed- 
The a n a l y t i i a l  and exper:mental r e s ~ ! t s  o f  gear l u b r l c a t l o n  and coo l lng  
a t  varlous t e s t  condlt lons are presented. These r e s u l t s  s h w  the  very d e f l n l t e  
need o f  lnproveo *thods of gear cool lng a t  h lgh  sp2ed and h lgh load condi t ions.  
INTRODUCTION 
There are many app l lcz t lons  where gears must operate a t  h lgh  speeds 
>50 m/s (10 00@ fpm) and sometimes a t  hlgh too th  loading. Sonw o f  these app l l -  
cat ions l n c l u l e  tu rb ine  powered shlp propulslon, surface e f f e c t  shlps, turbo- 
prop, V/ST3L a l r c r a f t ,  and geared turbofans. There I s  very l l t t ! e  In format ion 
J 
! 
i ava i lab le  on l u b r l c a t t o n  and cool ing methods, o r  methods t o  determlne the power 
lqases and l u b r + c j t t o n  requirements f o r  gears operat ing a t  these h igh  power 
condit ions. Many h lgh speed gear sets today are operat ing a t  load condl t lons 
below tnose tha t  could be obtained w i t h  be t te r  cool lng methodr. Also many gear 
boxes could operate a t  be t te r  e f f l c l e n c l e s  w l t h  tmproved l u b r l c a t l o n  and 
cool l n g  methods. 
There a r e  several t h u d s  used f o r  l u b r l c a t l o n  and coo l ing  gears- 3ar 
of these r t h o d s  i l c l u d e  splash lubrlci: ion, d r i p  f e d ,  grease, o i l  mist ,  and 
l w  or  roderate 3ressurlzed o i l  j e t  f lw  Sor? gear boxes a r e  operated u l t h  a 
given l u b r i c a t i o n  method such as l o u  pressure o i l  j e t s  d t h  I n t o  resh  and/or 
out of .esk s l q l y  because I t  has worked I n  the  past and no e f f o r t  has been 
made t o  I m r o v e  the  system for  b e t t e r  e f f l c l e n c y  o r  h igher  pouer ra t ing .  
For gears operat ing a t  low speeds and low loads the  l u b r i c a t i o n  method i s  
no t  c r i t i c a l  s ince very l i t t l e  heat i s  generated Under these conditions the  
gears requ i re  l ub r l ca t l on  bu t  very l l t t l e  cool ing. When the  heat i npu t  t o  t he  
qear t ee th  i s  Increased by h lgh speed and h lgh  pouer condi t ions then the  major- 
i t y  of the l ub r i can t  m s t  be used f o r  coo l isg  the  gear teeth. When inadequate 
coo l ing  i s  suppl ied t o  the gear t ee th  several th lngs m y  happen. The gear 
t ee th  can su f fe r  what i s  ca l l ed  m i c r o p i t t i n g  o r  grey s ta in ing  ( f i g .  1, r e f .  1) 
which i s  caused by :nsu f f l c len t  011 f i l m  between the teeth. The gears can have 
ea r l y  f a t i gue  spa l ls  ( f i g .  2, r e f .  2) resulting from reduced hardness caused by 
a temperature r i s e  o f  the gear t ee th  above the gear t q e r l n g  temperature. The 
gears can f a i l  by scoring ( f i g .  3, r e f -  3) as a r e s u l t  of a loss of the  e lasto-  
hydrodynamic EHD o r  extreme pressure EP boundary f l l m .  The gears can a lso  f a i l  
by too th  breakage as a r e s u l t  o f  reduced strength when the  t e e i k  a re  overheated 
and lose  t h e i r  hardness. The objective o f  the work reported here in  i s  t o  show 
the gear designer the various l u b r i c a t i o n  methods t h a t  a re  used i n  gearing and 
what can be expected w i t h  each method, and t o  provjde the gear designer w i t h  
methods t o  reduce gear losses and thereby reduce heat lng and improve e f f i c i e n c y .  
NOMENCLATURE 
2 2 A bearing area, cm ( i n  ) 
a addendum, mn ( i n )  
B backlash, mn ( I n )  
s p e c i f i c  heat. ca l /g  'C ( I t u / l b  OF) 
bsslc  s t a t i c  capacity. N ( l b j  
r o o t  diameter, rn ( i n )  
gear diameter, a ( i n )  
iap lngerent  depth, iun ( i n )  
t ea r ing  mean diameter, m ( i n )  
face width, ma ( i n )  
bearlng a x i a l  load, N ( l b )  
bearing load, I ( l b )  
bearing r a d i a l  load, N ( l b )  
s t a t l c  equivalent load. N ( l b )  
f r i c t l o n  fac to r  v i scos i t y  
f r i c t i o n  fac to r  load 
bearing clearance, mn { i n )  
d i s ta rce  from impingement po in t  t o  center l l n e  o f  gears, m ( i n )  
toott. module, mn 
bearlng f r l c t i o n  torque, N-m ( l b - i n )  
bearlng load f r l c t l o n  torque, N-m ( l b - i n )  
bearlng vlscous f r l c t i o n  torque, N-m ( l b - i n )  
gear r a t i o  
speed, rprn 
power loss, kW 
d lamet r ia l  p i t ch ,  l / l n  
o i l  j e t  pressure, N/cm ( I b - i n )  
heat loss, cal/mln (Btu/min) 
p i t c h  radius, mm ( i n )  
radlus t o  o l l  j e t  impingement, mn ( i n )  
r0 gear ou t s l de  raufus,  am ( I n )  
S1 o f 1  j e t  o i i s e t ,  n u  ( i n )  
AT 011 teapera tu re  r I s e .  "C ( O F )  
V v e l o c l t y .  W s e c  ( in /sec )  
V gear p l t c h  l l n e  v e l o c i t y ,  d s e c  ( f t / s e c )  
V o i l  j e t  v e l o c i ~ y ,  m/sec ( f t / s e c j  j 
u o i l  f l ow,  g/mln ( l b / l n )  
Greek zymkols 
bear lng  con tac t  angle, degrees 
0 011 j e t  angle, rad lsqs 
y nondl;nenslonal l rnpin~ement depth = dl /whole depth 
6w gear r o t a t l o n  angle  f o r  o i l  j e t  i n  t o o t h  space, rad lans 
x gearbox space f u n c t i o n  l = f r e e  space, 0.6-0.7 f o r  l a r g e  enclosure,  0.5-0.6 
f o r  f i t t e d  gear case 
v i s c o s i t y ,  reyns 
o l u b r i c a n t  v i s c o s i t y ,  cen t i s tokes  
0 
+ o i l  m l x tu re  f u n c t i o n  l .O=o i l  f r e e  atmosphere 
gear pressure angle,  radians 
gear r o t a t i o n a l  speed, radians/sec 
9 
POWER LOSSES 
There a re  f ou r  maln areas o f  losses I n  h i gh  speed gears. These losses 
cac be c o n t r o l l e d  f o r  t he  most p a r t  by c a r e f u l  design and cons t ruc t i on .  The 
losses c o n s i s t  o f  bear lng losses, t o o t h  f r j c t i o n  losses, o i l  churn ing  losses, 
and gear wlndage losses. Bear lng losses may account f o r  about ha:f o f  t h e  
losses p a r t i c u l a r l y  when f l u i d  f l l m  bear ings a re  u s ~ d .  However, when long  l l f e  
i s  a  requirement,  t he  f l u l d  f i l m  bear lng  1s t hc  bes t  choice.  An approximate 
method f o r  t h e  f r l c t i o n  torque i n  a  f l u i d  f l l m  bear lng  I s  shown i n  t he  f o l l o w -  
i n g  equat ion f rom reference 4. 
A 
Rt, = firV/h (1 1 
Rol ' tng  con tac t  bear lngs have cuns lderab ly  l ess  f r l c t l o n  l o s s  when prop- 
e r l y  l u b r i c a t e d  and w i l l  gene ra l l y  have a much sho r t e r  l i f e  than  a f i u l d  f i l m  
bear ing.  Hmever, r o l l l n g  element bear lngs should have s u f f i c i e n t  l i f e  f o r  
many app l l ca t l ons .  The f r l c t i o n  to rque  f o r  r 3 l I l n g  element bearin,: may be 
est imated by t h e  f o l l o w i n g  equat lons f rom reference 5. 
The f r l c t i o n  torque due t o  t h e  app l i ed  load i s  
F0 = 0.9 F c o t  - 0.1 Fr o r  Fa = Fr I f  l a r g e r  
a 
n l = f f d  1 0 m  
f o r  30 ang le  con tac t  bear lngs and f = 0.0003 f o r  - o i l e r  bzar?ngs. The v i s -  1 
cous f r i c t i o n  torque may be est imated by 
M v = 3 . 4 9 2 ~ 1 0 - ~  f o  dm3 v0N 2 2000 
f o r  b a l l  bear lngs f o  values range f rom 3 t o  4. Bear?ng computer programs 
have been developed t h a t  g l v e  more accurate  r e s u l t s  f o r  bear lng  torque. 
( r e f s .  6 and 7 j .  
The t o o t h  f r ! c t l o n  ~ O S S  i s  p robably  t he  lowest  l oss  i n  t he  gear system 
when t h e  gear: a re  adequately l u b r l c a t e d .  There i s  w r y  l i t t l e  t h a t  can be 
done t n  redl lce gear t oo th  f r l c t l o n  loss  once adequate lubrication has been 
prcv lded.  Some l u b r l c a ~ t s  w j l l  have a l l t t l e  less  f r l c t l o n  l oss  than a thers .  
Snme gears u l l l  have more o r  less  t o o t h  f r l c t l o n  l oss  because o f  t h e  t y p e  o f  
design rnalnly because of ' " 0  d i f f e r e n t  s l i d l n g  cond l t l ons .  For ins tance,  h i g h  
contact r a t l o  spur gears general ly  have more s l i d i n g  and, hence, more losses 
than standard contact r a t i o  gears. However, s lnce t h i s  I s  a small p a r t  o f  the 
ove ra l l  loss, It gsnera l i y  has l i t t l e  e f f e c t  on the  t o t a l  loss.  
W?nOage losses can account f o r  a la rge  p a r t  o f  the  t o t a l  gear box losses 
i n  hlgh speed gears because of the  h lgh p i t c h  l i n e  ve loc i t i es .  Some of t h i s  
windage lose can be reduced by care fu l  daqigns. For instance, i t  was shown I n  
reference 8 t h a t  a x i a l  holes I n  a gear web can s l g n i f l c a n t l y  Increase the wind- 
age iosses. Also i t  was shown t h a t  p lac lng  a sh le ld  on the ends o f  the  gear 
teeth, t o  prevent the a l r  c i r c u l a t i n g  i n t o  the teeth, reduced the windage 
losses by a la rge  percentage. The wlndage losses i n  a gear box w i t h  the smooth 
sldes o f  the  box located approxhiatc ly  1 I n  from the gear and the  i ns ide  dlam- 
eter  0.6 j n  from the teeth, reduced the wlndage loss t o  approximately one-half 
t hd t  f o r  open gears. The pumping loss o f  the a i r  a t  the entrance o f  the  mesh 
accounts f o r  some losses and can be reduced by reducing the pressure i n  the 
gear box which a lso  reduces other wlndage losses. An equation f o r  approximat- 
i ng  the wlndage loss i n  gears was given i n  reference 8 as shown i n  the  fo l low-  
i ng  equation. 
Sides Periphery 
P = ~ ~ . ~ ( 0 . 1 6  03.' A D 2.9 F0.75 .15 ) x  *.A ( 4 )  
Churning lossss are caused by the gear s t r i k i n g ,  pumping, o r  otherwise 
I 
moving t i le  l ub r i can t  around I n  the gear box. I t i s  very important i n  h lgh  
speed gear boxes t o  get the l ub r i can t  t o  perform i t s  l u b r i c a t l o n  and coo l ing  
func t ion  and then get i t  out o f  the way. Shrouds are sometimes used i n  gear 
boxes t o  d i r e c t  the l ub r i can t  o i l  away from the gears. I f  too much l u b r i c a n t  
i s  allowed t o  enter the gear mesh, excessive losses w i l l  occur from o i l  being 
trapped i n  the gear tee th  and being pumped out of the mesh I n  the a x i a l  d i rec -  
t i on .  I n  spur gear app l ica t ion  t h l s  - 1 ,  more c r i t i c a l  than h e l i c a l  gears. This 
i s  one reason why most gear designers p re fe r  h e l i c a l  gears f o r  h igh  speed gear- 
ing. Even w i t h  h e l i c a l  gearing, however considerable power loss  cccurs w i t h  
too  much o i l  g e t t i n g  I n t o  the gear mesh. Some spur gear designs have a groove 
i n  the center o f  the a x i a l  length o f  the gear t c  reduce pumping losses t n  the 
mesh. This i s  a lso  done i n  some very wide h e l i c a l  gear app l ica t ions .  
LUBRICATION AND COOLING RETKODS 
There are  many h lgh t o  moderately loaded h igh speed gears operat ing today 
w i t h  o i l  j e t  l u b r i c a t i o n  using 30 t o  50 p s i g  o i l  pressure t o  l u b r i c a t e  the  
gears. ThSs type o f  low pressure system does not  do a good j ob  o f  coo l ing  the  
gears I n  a h igh  speed gear b r l v e  and w i l l  on ly  a l low the  gears t o  operate a t  a 
muderate load. I n  a low pressure o i l  j e t  system the o i l  j e t  can only  penetrate 
a small distance i n t o  the too th  space. This resu l t s  i n  cool ing o f  the  t i p s  o f  
the gear t ee th  only. This causes thc gear t oo th  temperature t o  be higher than 
t h a t  obtalned w i t h  a be t te r  system, such as high pressure r a d i a l  o i l  j e t .  
Flgure 4(a) i s  a c a l c ~ l a t e d  temperature p r o f i l e  o f  a gear t oo th  cooled w i t h  low 
pressure operat ing a t  a moderate speed and h lgh  load reference 9. When the 
speed i s  Increased a t  t h i s  load cond i t ion  and low pressure l ub r i ca t l on ,  f a i l u r e  
o f  the gears w l l l  general ly  occur. Figure 4(b) shows how the  gear t oo th  tem- 
peratures are reduced when the 0:7 j e t  pressure I s  increased t o  ob ta in  good 
impingement depth. 
OUT OF YESH JET LUBRICATION 
A l a rge  number of gears are l ub r i ca ted  w i t h  low pressure o i l  j e t s  i n t o  
mesh or  out o f  mesh or  both. I n  the out o f  mesh l u b r i c a t l o n  method the o i l  
j e t  has a very modest impingement depth. This i s  i l l u s t r a t e d  i n  f i g u r e  5 
which shows the  ana ly t i ca l  resu l t s  f o r  impingement depth on the p in lon  using 
the fo l l ow ing  equation from refelonce 10. 
- 
F igu re  6 i s  a h i g h  speed photograph of an 01: j e t  a t  t h e  o u t  o f  mesh con- 
d i t i o n .  I n  o rder  Po ge t  t h e  maximum impingement depth f o r  t h e  o u t  o f  mesh 
c o n d i t i o n  ca re  must be exerc ised t, ge t  t h e  proper o i l  j e t  l o c a t i o n .  The anal -  
y s l S  i n d i c a t e s  t h a t  t h e  p l n i o n  can be complete ly  mlssed by a  very  smal l  change 
i n  o f f s e t  d i s t ance  f rom t h e  i n t e r s e c t i o n  o f  t h e  ou ts lde  d l a m t e r  o f  t h e  gear 
and p i n i o n  o r  f rom a  smal l  change i n  t h e  j e t  angle. For maxiinum Impingement 
depth i n  most cases t h e  o i l  j e t  should be d i r e c t e d  a t  t h e  i n t e r s e c t i o n  o f  t h e  
two ou t s i de  diameters a t  an angle  t h a t  w i l l  i n t e r s e c t  t h e  p i t c h  p o i n t  o f  t h e  
gear and p i n i o n  ( r e f .  10) .  For l a r g e  gear ~ a t i o s  It i s  probably  b e t t e r  t o  
favor  t h e  p i n i o n  t o  ge t  a  b z t t e r  coo l i ng  balance. Reference 11 g ives  an ana- 
l y t i c a l  method f o r  ou t  o f  mesh j e t  l u b r i c a t i o n  f o r  gears w i t h  mod i f l ed  cen te r  
d is tance  and/or addendums. Reference 11 a l s o  g ives t he  impingement depth 
r e s u l t s  f o r  var ious o i l  j e t  o f f s e t s  and o i l  j e t  angles. F igure  7 shows t h e  
a n a l y t i c a l  r e s u l t s  f o r  the  ou t  o f  mesh j e t  l u b r i c a t i o n  f o r  var ious o i l  j e t  
angles. 
INTO MESH JET LUBRICATION 
I n t o  mesh o i l  j e t  l u b r i c a t i o n  i s  o f t e n  used as a means o f  g e t t i n g  041 t o  
t he  gear t o o t h  surfaces a t  a  good i i i~plngement depth when t he  o i l  system I s  
opera t ing  a t  a  low pressure.  This method I s  e f f e c t i v e  because i t  uses t h e  
gear t o o t h  v e l o c i t y  moving w i t h  t he  o i l  j e t  v e l o c i t y  as shown i n  f i g u r e  8. 
References 12 and 13 g i v e  equations f c r  t h e  011 j e t  Impingement depth f o r  i n t o  
mesh l u b r i c a t i o n .  When the  j e t  v e l o c i t y  I s  l ess  than t h e  gear v e l o c i t y ,  the  
o i l .  impinges on t he  backside o f  t h e  t e e t h  as shown I n  f i g u r e  9. When t h e  j e t  
v e l o c l t y  i s  g rea te r  than t h e  gear v e l o c i t y ,  t h e  o i l  w i l l  impinge on t he  f r o n t  
o f  the  gear t oo th .  This i s  shown I n  f i g u r e  8. The optimum impingement depth 
f o r  i n t o  mesh l u b r i c a t i o n  was shown I n  references 12 and 13 t o  occur when t he  
o i l  j e t  v e l o c i t y  and gear v e l o c i t y  a re  equal .  The equat ion f o r  o i l  j e t  
impingement depth a t  the  opimum v e l o c i t y  i s  g i ven  by t he  f o l l o w i n g  equat ion.  
8 
dl = l /Pd = a  V j  = ug Rsec 6 ( 6 )  
When I n t o  mesh l u b r i c a t i o n  i s  used w i t h  h i g h  speed gears ca re  must be taken t o  
avo id  excessive o i l  be lng trapped I n  t h e  gear teeth.  Th is  t r a p p l n g  can cause 
var lous problems such as 'ass o f  e f f l c l e n c i e s ,  h l g h  loads on t h e  tee th ,  h l gh  
nolse,  and even gear f a i l u r e  under some conditions. I n  many cases t h e  bu l k  o f  
t h e  c o o l l n g  o i l  i s  suppl led t o  t he  ou t  o f  mesh l o c a t i o n  u l t h  o n l y  a smal l  
percentage f o r  l u b r i c a t i o n  suppl ied t o  t he  I n t o  mesh p o s i t i o n  re fe rence  14. 
However, t h e r e  I s  usua l l y  su f f ! c i en t  o i l  f i l m  remaining on t h e  gear t o o t h  f o r  
good l u b r i c a t i o n  when adequate coo l i ng  i s  prov ided a t  t he  o u t  o f  mesh l oca t i on .  
I n  some cases where i t  i s  d i f f i c u l t  t o  keep t h e  o i l  ou t  o f  t h e  into-mesh zone, 
a  c i r c u m f e r e n t i a l  groove w i l l  be c u t  I n t o  t h e  cen te r  o f  one o f  t h e  gears t o  
break up t h e  l eng th  o f  t he  teeth;  thereby, reduc ing t h e  t r a p p i n g  losses.  This 
groove reduces t he  a x i a l  l eng t '  .equlred t o  pump t h e  o i l  by a t  l e a s t  one-hal f .  
RADIAL JET LUBRICATION 
When t he  o f 1  j e t  i s  d i r e c t e d  r a d i a l l y  inward t h e  best  impingement depth 
i s  obtained. Since gear t o o t h  coo l l ng  'is a  maximum when t he  o i l  j e t  Impinges 
on t he  face o f  t h e  tooth.  t he  r a d i a l  o i l  j e t  o f f e r s  t he  bes t  method o f  gear 
l u b r l ~ a t l o r ~  and coo l lng .  F igure  10 i s  a  h i gh  speed photograph o f  t h e  r a d i a l  
d i r e c t e d  o i l  j e t  and shows t he  o i l  j e t  pene t ra t i ng  t he  t o o t h  space j u s t  be fo re  
implngement on t he  gear t o o t h  f l a n k .  The o i l  pressure here i s  s u f f i c i e n t  t o  
a l l o w  t h e  o i l  j e t  t o  implnge on t h e  gear t o o t h  a  l i t t l e  more than h a l f  way 
down t he  work ing depth o f  t he  gear t oo th .  The maximum c o o l i n g  i s  obta ined 
when t he  o i l  pressure i s  s u f f i c i e n t  t o  cause t h e  o i l  j e t  t o  reach an implcge- 
ment depth equal t o  t he  f u l l  working depth o f  t h e  too th .  However adequate 
coo l i ng  can o f t e n  be obtained w i t h  implngement depth j u s t  below t h e  p i t c h  I l n e .  
When r a d i a l  j e t  l u b r l c a t l o n  i s  used the  o i l  3.t should be located near t h e  ou t  
o f  mesh p o s i t i o n  w i t h  the  j e t  d i r e c t e d  r a d i a l l y  a t  t h e  cen te r  o f  t he  gear and 
p i n l on .  I n  a  speed reducer the  p i n i o n  w l l ;  rece ive  c o o l l n g  on t h e  loaded s i de  
4 
o f  t h e  t o o t h  w h i l e  t h e  gear w i l l  be i z ~ l e d  on t h e  backface o f  t h e  t oo th .  When 
t h e  year se t  I s  a  speed Increaser ,  t he  p l n l o n  w i l l  rece lve  coo l t n5  on t h e  back- 
face  o f  t h e  t o o t h  and t he  gear on the  loaded side. Experiments have shown 
( r e f .  9) t h a t  good coo l l ng  o f  t he  gear o r  p i n i o n  can be obta ined when e l t h e r  
the  loaded f l a n k  o r  unloaded f l a n k  o f  t he  gear t o o t h  I s  cooled. F i gu re  11 
shows t he  e f f e c t  o f  o i l  j e t  pressure and load  on gear t o o t h  temperature ustng 
r a d i a l  o i l  j e t  co3 l i ng  on t he  back f l a n k  o f  t h e  gear too th .  The temperature 
was measured on t he  loaded f l a n k  o f  t h e  gear tooth .  Th is  f i g u r e  very c l e a r l y  
shows t h a t  gocd coo l i ng  I s  obtained when coo l l ng  t he  back f l a n k  of t h e  too th .  
I h e  f o l l o w i n g  equations f rom references 9 and 15 g ives  t h e  lmp.ingement 
depth on t h e  t o o t h  f l a n k  f o r  var ious speeds and 011 j e t  pressures f o r  a r a d i a l  
d i r e c t e d  o i l  j e t .  
+ t an  4 
The v e c t o r i a l  model used t o  c a l c u l a t e  t he  r a d i a l  Imp ingzme~t  depth i s  shown i n  
f l g u r e  12. The ana lys is  and exper lmental  r e s u l t s  f o r  a  r a d l a l  d l r e c t e d  o l l  
j e t  a re  shown i n  f i g u r e  13. When t he  Impingement depth f o r  a  g iven gear oper- 
a t I n g  c o n d i t l o n  I s  known o r  des l red  then t he  pressure r equ i r ed  t o  ob ta i n  t h a t  
tmpingement depth i s  g lven by t he  f o l l o w i n g  equat ion.  
+ ( 2  - pd Ipd) " t a n  + 11 
When t h e  011 j e t  v e l o c l t y  equals t h e  gear v e l o c j t y  t h e  o i l  j e t  w i l l  usu- 
a l l y  implnge t o  a  d e . t h  approximately equal t o  t he  f u l l  work ing depth and 
p rov ide  very  good coo l l ng  f o r  t he  gear t ee th .  For standard gear t o o t h  geometry 
t h e  pressure requ i red  t o  ob ta i n  t h i s  v e l o c i t y  may be approximated by t he  f o l -  
lowing eyr!atIon where V .is t he  m/sec ( f t / s e c )  and dp i s  i n  iu/cmL ( p s i )  
2 b p = V g / 1 6 9  Eng l i sh  
2 Ap = V /22.8 Metr:: 9 (9) 
Using t h e  above equat ion f o r  gear opera t ing  a t  a p l t c h  l i n e  v e l o c i t y  o f  
150 m/s (500 f t / s )  t h e  o i l  j e t  pressure r equ i r ed  f o r  f u l l  depth impingement 
. . would be appro r imate ly  1014 N/cm 2 (1480 p s i ) .  Th ls  pressure i s  much h igher  
than t h e  o i l  j e t  pressure used i n  most h i gh  speed gear boxes opera t ing  a t  150 
t o  300 m/s (500 t o  1000 f t / s ) .  These gear boxes must operate  a t  reduced loads 
because f o r  t h e  l i m i t e d  coo l l ng  ava i l ab l e .  I t  should be understood t h a t  t h e  
o i l  j e t  s i z e  must be reduced a t  these h i gh  pressures t o  l i m i t  t he  o i l  f l o w  t o  
t h a t  requ i red  f o r  good coo l ing .  Using t h e  minimum o r i f i c e  s' 1.02 mn 
(0.04 i n )  s p e c i f l e d  by many gear designs would g i v e  an o l l  r l o ,  a f  approx i -  
mately 1.3 gpm per o r i f i c e  which may be t oo  much o i l  f o r  most app l i ca t i ons .  
However I f  t h e  o r i f i c e  s i ze  i s  reduced t o  0.5 m (0.02 i n )  then t h e  o i l  f l o w  
i s  o ~ l y  0.33 gpm o r  1/4 of t h a t  f o r  t he  l a r g e r  o r t f i c e .  In order  t o  l i m i t  
o r i f i c e  p lugg ing  t he  o i l  should be f i l t e r e d  through a 5 G r  10 pm f i l t e r .  I t  i s  
much b e t t e r  f o r  bo tn  the  gears and bear ings t o  f l : t e r  t h s  011 through a 5 pm 
o r  b e t t e r  f i l t e r .  The f l n e r  f i l t e r a t i o n  w j l l  a l s o  Improve t h e  gear and bear ing  
l i f e .  
COOLING REQUIREMENTS 
Thls amount o f  l u b r i c a t i n g  f l u i d  requ i red  f o r  coo l i ng  o f  gears and bear- 
ings may be determined by es t ima t i ng  t h e  power loss  f o r  gears, bear ings etc., 
and then us ing  an appropr ia te  temperature r i s ~  I n  t he  o i l ,  t h e  requ i red  o i l  
f l ow can be determined. The f o l l o w i n g  equat ion can be used t~ determine t he  
o i l  f l ow I n  a g iven gear system. Assume 2000 hp I s  t r ansm i t t ed  i n  a gear se t  
w i t h  one mesh and two sets of bear lngs.  The losses per mesh I n  a we11 deslgned 
spur or  h e l i c a l  gearbox should be no more than 0.5 percent  w i t h  t h e  losses 
equal ly  d lv lded between the  gears and bearlrqs. The o l l  there fore  mst &sort 
0.005 x 2000 o r  10 hp. uh lch  I s  424.4 Btu/mln. A s s u l n g  a SO 'f t r r a t u n  
r l se ,  the  t o t a l  011 f lw requlred w u l d  be, 
w = Q/c AT = 424-4/0.6 x 50 = 14.2 I~/R!P. 
P ( Ib)  
w i t h  equal f lw t o  the gears and bearlngs o f  7 - 1  1b:mln- I f  the gear set  is  
less e f f l c l e n t  than the above then more o i l  f lw  would be requqred- 
S-RY All0 COlCCLUSIOWS 
There are several types o f  losses I n  gerrbox systems t h a t  shou?d be rva!u- 
ated I n  a h lgh  speed gear deslgn. Thew losses l r i c l d e  t h e  gear r o s t h  s l l d l ~  
and f r l c t l o n ,  the  windage o f  the a t r  f l c u l n q  around the  gears, t h e  c8orrfmq 
losses o f  the 011 belng pumped o r  accelerated by the  gears and the bear;.q 
losses o f  r o l l l n g  element o r  f i 2 i d  f l l a  bearings. b o d  aeslgn prart!ccs can 
reduce the e f f e c t  o f  these losses. 
The gears may be lubr lca ted  by one o r  nore o f  several methods- fat h!gh 
speed gears the pressure 911 j e t  I s  d e f l n l t e l y  repul red t s  p r o v l d ~  &XI c m i -  
lng. 011 j e t s  may be d l r e c t e ~  fn to  mesh, out of msh,  o r  I n  a radqa? dlrectlm 
a t  various o i l  j e t  pressures. However, f o r  t h?  m x l ~  coo:lng and lubrlca;7mI 
of the gear set the 011 j e t  should be d i rec ted  r a d i a l l y  a t  the  gear and glnlun 
near the out o f  mesh post t lon.  This w l l l  provlde good cooling an4 I u b r q c a t i w  
an keep the 011 front en;er'~g I n t o  mesh zone 'ere exccss:ve Yosscs aay o c c ~ r -  
The conclusions may be sunmarlzed as foll~ws. 
(1 )  Gearbox c f f i c l e n c y  fo r  h lgh speed gear!ng can be  proved by cartfu: 
attention t o  reducing wlndage and churnlng losses. 
( 2 )  The best method fo r  l u b r l c ~ t i o n  and coo l ing  of h lgh  speed gctrlng a s  
a h igh pressure 011 j e t  a t  the out o f  mesh p o s l t l o n  d l rec ted  r a d j a l l l  a t  :be 
gear and p in ion  u l t h  su f f i c i en t  ve loc i t y  o r  pressure t o  ! q t n s e  on the  t o c t h  
f lank w e l l  below the p i t c h  l l n e .  
( 3 )  Hcrr  Zhc above condltlons are  per for rd ,  hlgt, speed gears can operate 
a t  cmslderable hlgher pwer levels than the majority of hl@ speed gearboxes 
a r t  aperatlng a t  today. 
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